Seismic velocities in rocks at ultrasonic frequencies depend not only on the degree of saturation but also on the distribution of the fluid phase at various scales within the pore space. Two scales of saturation heterogeneity are important: (1) saturation differences between thin compliant pores and larger stiffer pores, and (2) differences between saturated patches and undersaturated patches at a scale much larger than any pore. We propose a formalism for predicting the range of velocities in partially saturated rocks that avoids assuming idealized pore shapes by using measured dry rock velocity versus pressure and dry rock porosity versus pressure. The pressure dependence contains all of the necessary information about the distribution of pore compliances for estimating effects of saturation at the finest scales where small amounts of fluid in the thinnest, most compliant parts of the pore space stiffen the rock in both compression and shear (increasing both P-and S-wave velocities) in approximately the same way that confining pressure stiffens the rock by closing the compliant pores. Large-scale saturation patches tend to increase only the high-frequency bulk modulus by amounts roughly proportional to the saturation. The pore-scale effects will be most important at laboratory and logging frequencies when pore-scale pore pressure gradients are unrelaxed. The patchysaturation effects can persist even at seismic field frequencies if the patch sizes are sufficiently large and the diffusivities are sufficiently low for the larger-scale pressure gradients to be unrelaxed.
INTRODUCTION
Laboratory measurements of seismic velocities in rocks suggest a complex and often confusing dependence on fluid saturation. Compressional (P) and shear (S) velocities are sometimes higher in partially saturated rocks than in dry rocks, but sometimes they are lower. + Much of this complication apparently disappears at the low frequencies that are of interest in reflection seismology (400 Hz), although laboratory measurements at these low frequencies are rare (eg., Murphy, 1982; Lucet, 1989) . Generally, when a rock is loaded under an increment of compression, such as from a passing wave, an increment of pore pressure change is induced,which resists the compression and therefore stiffens the rock. The low-frequency Gassmann (1951) and Biot (1956) theory predicts the resulting increase in effective bulk modulus, K sat , of the saturated where is the porosity and K o , K pf , and K dry are the bulk moduli of the mineral material, the pore fluid, and the dry rock, respectively. Equation (1) assumes a homogeneous mineral modulus and statistical isotropy of the pore space, but is free of assumptions about the pore geometry. Most importantly, it is valid only at sufficiently low frequencies so that the induced pore pressures are equilibrated throughout the pore space (i.e., that there is sufficient time for the pore fluid to flow and eliminate wave-induced pore pressure gradients).
The Biot-Gassmann theory predicts a similar increase of the partially saturated bulk modulus, but only when the effective bulk modulus of the gas-liquid mixture K Pf is appreciably larger than that of the gas alone (Domenico, 1976) . At low frequencies, assuming equilibration of the pore rock:
pressures K pf can be estimated as:
Manuscript received by the Editor July 15, 1992; revised manuscript received July 12, 1993. (2) where S is the liquid saturation, and and are the bulk moduli of the gas and the liquid phases, respectively. Since most often then except at large saturations. The Biot-Gassmann-Domenico theory predicts no change in the low frequency shear modulus with either partial or complete saturation.
The pore fluid also increases the effective density of the rock so (3) where are the densities of the minerals, the fluid phase, and the gas phase, respectively. The net increase or decrease in velocity will depend on which is larger-the increase in stiffness or the increase in density. Murphy (1982) found that the Biot-Gassmann-Domenico low-frequency theory, equations (1)- (3), explains reasonably well the observed velocity versus saturation at frequencies on the order of a kilohertz and less for a variety of rocks. The agreement was best at the lower frequencies and higher porosities, which is generally consistent with the idea that the pore pressure increments could equilibrate throughout the pore space.
At ultrasonic frequencies, equations (1)-(3) often do not explain very well the change of velocities with increasing saturation because of dispersive effects (Murphy, 1982; Winkler, 1985) . At full saturation, P and S velocities are usually higher than predicted by the low-frequency theory. Furthermore, partially saturated rocks often show a process dependence on saturation. Figure 1 , from Knight and NolenHoeksema (1990) , shows ultrasonic P-wave velocities in a tight gas sandstone using two different methods of achieving partial saturation. The lower curve corresponds to increas-
FIG. 1. Ultrasonic compressional velocity versus saturation
showing the nonunique dependence on saturation in a tight sandstone. Open circles correspond to increasing saturation by imbibition, and the closed circles correspond to decreasing saturation during drainage (from Knight and NolenHoeksema, 1990 ).
ing the saturation by spontaneous imbibition and gives velocities similar to those predicted by the Biot-GassmannDomenico theory (equations (1)-(3))-a generally flat or slightly decreasing velocity with increasing saturation, followed by an abrupt increase in velocity at the higher saturations. The upper curve corresponds to decreasing saturation by drainage (specifically, evaporation). The deviation from the Biot-Gassmann-Domenico behavior was attributed to a different microdistribution of fluids between large and small pores. Figure 2 , from Murphy (1982) , suggests that this dependence on the process of saturation disappears at low frequency. In this case, both curves correspond to drainage, with the upper curve for ultrasonic velocities and the lower curve for sonic velocities, and they are generally in agreement with Biot-Gassmann-Domenico type of behavior.
These high-frequency effects can be at least partially explained in terms of heterogeneity of the pore compliance and pore saturation (Murphy, 1982; Knight and NolenHoeksema, 1990; Endres and Knight, 1991) . At high frequencies, wave excitation can induce local, grain-scale pore pressure gradients that can stiffen the rock in ways not accounted for in the low frequency Biot-Gassmann-Domenico theory. The effect of these unequilibrated pore pressures on velocities has been modeled for saturated rocks (O'Connell and Budiansky, 1977; Kuster and Toksoz, 1974; Mavko and Nur, 1979; Murphy et al., 1984; Coyner and Cheng, 1985; Mavko and Jizba, 1991) . Endres and Knight (1991) successfully modeled the range of saturation effects by assuming ellipsoidal pores with a range of aspect ratios-thin cracks being soft and round pores being stiff. They explored the effects on velocity of different distributions of the fluid in the pore space-a uniform mixture of gas and liquid in all of the pores, preferentially filling thin pores, preferentially filling round pores, etc. It was found that at high frequencies, the rock is stiffer in both bulk and shear modes when liquid is in the soft cracks. The rock is softer when there is gas in the soft cracks.
FIG. 2. Comparison of velocity versus saturation in granite
with similar methods of saturation (both during drainage) and two different frequencies (from Murphy, 1982) .
In this paper we present an alternative method to quantify the range of frequency-dependent velocities expected for partially saturated rocks. The method is conceptually similar to the work of Endres and Knight (1991) in that we model the effects of different fluid distributions in a pore space with a distribution of compliances. However, we avoid the dependence on idealized pore shapes, and instead we use the measured values of dry rock properties, dry rock velocity versus pressure, and dry rock porosity versus pressure. Since the pressure dependence contains information about the distribution of pore compliances, we can use dry rock data to predict the range of behaviors directly when pore fluids are introduced. In this way. we avoid the possible artifacts of the idealized shapes, and more importantly, we can make predictions at arbitrarily high crack and pore density. Virtually all models which depend on idealized ellipsoidal pores are limited to low crack density.
The results agree well with ultrasonic partially saturated data, and suggest that two scales of saturation are important: the pore scale and the larger scale of saturated and undersaturated "patches," which can range up to the size of the laboratory sample or of the reservoir unit in situ.
ESTIMATING HIGH-FREQUENCY VELOCITIES
To predict the pore-scale effects on partially saturated behavior, we follow the method used by Mavko and Jizba (1991) to predict dispersion in fully saturated rocks. To understand the effect of frequency and distributed compliances, consider a saturated rock sample with pore space vented to zero pressure, that is, perfectly drained conditions. When a load is applied to the rock at very low frequencies. pore fluid can easily Row in and out of every pore, so that the saturated rock moduli are essentially the same as dry rock moduli. However. at higher frequencies. viscous and inertial effects cause the thinnest pores to be isolated with respect to Row. Unrelaxed pore pressures are induced in these pores so that the rock is now only partially drained and is stiffer than at low frequencies. The formulation considers the thin, compliant fraction of the pore space to be a part of the viscoelastic frame whenever it contains fluids. The fully-saturated effects are implemented by first modeling the elastic moduli of the partially saturated frame with water in the thinnest pores only-we refer to this as the "unrelaxed wetted frame"--and then using Biot-GassmannDomenico theory to complete the Saturation of the remainder of the pore space.
Using the results of Mavko and Jizba (1991) . the highfrequency, unrelaxed, wetted (partially saturated) frame bulk modulus can be written as where and are the bulk moduli of the minerals and the fluid in the thin pores, respectively, is the portion of the compliant or soft porosity that is saturated, is the measured dry rock modulus at high pressure, when presumably the compliant porosity is compressed closed, and denotes terms of order and smaller, which can generally be neglected. Equation (4) has a simple interpretation: at high frequencies, the fluid in the thinnest, most compliant portions of the pore space is isolated with respect to Row from the remainder of the pore space and therefore stiffens these pores. The first term approximates the effect of filling a pore with fluid by tilling it with mineral, which is mechanically equivalent to compressing it closed at high pressure. The second term corrects for the finite compressibility of the fluid. Similarly, the high-frequency, wettedframe. shear modulus was found to be:
The relation between shear and bulk dispersion illustrates that both effects are caused by the same cracks; the proportionality constant (4/15) reflects the different distributions of crack normal compression in a pure shear-stress field versus a pure compressional one. Note that in both equations (4) and (5) the low-frequency, partially saturated modulus is assumed to be the same as the dry modulus. or and , Therefore the difference between highfrequency wetted and low-frequency dry is essentially the dispersion.
We can use equations (4) and (5) to estimate the highfrequency partially saturated moduli using the procedure shown in Figure 3 . Consider first the situation in which fluid added to the rock always goes first to the thinnest portions of the pore space. function of pressure (a). Figure 3 (bottom) shows porosity versus pressure. The compliant or soft porosity (a) is estimated by extrapolating the high-pressure porosity behavior to low pressures and subtracting, We estimate the effect of filling part of the soft porosity with fluid using a modified form of equation (4). The first-order estimate is that the fluid mechanically eliminates a portion of the soft porosity, similar to closing the soft porosity under compression. We then find the confining pressure that would close the same fraction of pore space in a dry rock and read the corresponding modulus from Figure 3 . This fluid-filled or compression-closed fraction of the pore space is shown by the shaded region in Figure 3 . The modified form of equation (4) becomes: (6) where is the saturated fraction of the soft porosity, and is the measured dry modulus at the equivalent closing pressure
Once again, the second term on the right corrects for the finite compressibility of the pore fluid.
Saturating compliant pores
We can explore other fluid distributions in the compliant pore space by specifying various fractions of the saturation to go first into the soft pore space, as in the approach of Endres and Knight (1991) . In all cases, the fluid-filled fraction of the compliant pore space becomes part of the unrelaxed frame with stiffness given by equation (6). The remaining dry fraction of the compliant pore space and the partially saturated stiff pore space are considered to have equilibrated pore pressure and are modeled using the BiotGassmann-Domenico theory, equations (1)-(3).
We now use this technique to explore the range of velocities that result from different (1) frequencies, (2) fluid distributions, and (3) pore compliances. Figure 4 shows dry velocity and porosity data for Massilon sandstone from Murphy (1982) . Figure 5 shows our corresponding estimates of velocity versus saturation computed from these data using the techniques described above. The top curve in Figure 5a shows the result when for any given saturation, the available fluid goes first to the compliant pore space, and the remaining, if any, goes to the larger, stiffer pore space. The next three curves are variations of this, where for any given saturation, 40, 20, and 10 percent, respectively, of the available fluid goes to the compliant pore space. The bottom curve shows the completely relaxed Biot-Gassmann-Domenico estimate for comparison in which all pore space (soft and stiff) is assumed to be at equilibrated-induced pore pressure. The results are qualitatively similar to those of Endres and Knight (1991) . The effect of filling the compliant pore space is to quickly stiffen the rock at very low saturations, in contrast to the Biot-Gassmann-Domenico effect that stiffens the rock only at the highest saturations. Figure 5b shows the additional effect of heterogeneous saturation at a much larger scale. For the upper curves we once again assign 100, 40, 20, and 10% of the fluid to the unrelaxed compliant porosity, and compute the stiffening effect on the unrelaxed frame as before. However, the remaining porosity is assumed to have a patchy saturation. Some regions, on a scale containing many pores, are partially saturated, while other regions containing many pores are completely saturated (Figure 6 ). It is assumed that the frequency is too high or the permeability too low for the wave-induced pore pressure to flow and equilibrate between saturated and undersaturated regions. This is conceptually similar to the model of White (1975) , except that we do not require any idealized shape or size for the wet and dry patches. The corresponding stiffening effect is estimated by noting the following expression, equivalent to the Gassmann relation in equation (1): (7) where the difference between dry and fully saturated compressibility is the sum over all pieces of the pore space of the wave-induced pore pressure
Heterogeneous saturation FIG. 4. (a) Dry ultrasonic P-wave velocity versus pressure in
Massilon sandstone measured by Murphy (1982) , and (b) estimated change of porosity versus pressure.
times the dry pore compressibility [see, for example, equations (4) and (5) and their discussion in Mavko and Jizba (1991) ]. The effect of stiffening each pore is approximately additive-depending on the volume fraction of wet patches, but not on their shapes or sires. Therefore, to estimate the partial stiffening caused by patchy saturation of the stiff porosity, we take the volume fraction corresponding to the stiff pore saturation, of the right-hand side of equation (7) A more rigorous expression predicting essentially the same simple dependence on volume fraction is given by Hill (1963) . The results, shown in Figure 5b , are similar to those in Figure 5a . The principal effect in both is the rapid stiffening with increasing saturation of the unrelaxed soft porosity. Even at 100 percent saturation the presence of unrelaxed soft pores makes the velocities substantially higher than the Biot-Gassmann-Domenico theory predicts. The heterogeneous saturation of the stiff porosity (Figure 5b ) superimposes a gradual increase in velocity with saturation. Essentially, the rapid Biot-Gassmann-Domenico increase at 99 percent saturation in Figure 5a is spread out over the entire saturation range in Figure 5b .
The stiffening effect caused by the patchy saturation is expected to affect the bulk modulus and not the shear modulus, while the pore-scale stiffening caused by water in the soft porosity affects both the bulk and shear moduli.
We now compare these results with data measured by Murphy (1982) . Figure 7 shows his dry, 70 percent saturated, and fully saturated ultrasonic velocity data for Massilon sandstone, compared with the velocities predicted using FIG. 6. Concept of "patchy" saturation. The thinnest, compliant parts of the pore space can be wetted throughout the rock (as indicated by the inset), but on much larger scales some patches of the rock are undersaturated while other patches are fully saturated. various fluid distributions. The lowest curve is the BiotGassmann-Domenico estimate of 70 percent saturated velocity computed from the dry rock velocities using equations (1)-(3). As expected, the predicted, partially saturated moduli are essentially the dry moduli, and therefore they do a poor job estimating the observed 70 percent data. The upper two curves show the predicted 70 and 100 percent saturated rock velocities using our scheme for unrelaxed moduli in equation (6) and the superimposed heterogeneous BiotGassmann-Domenico effect given by equation (8). The agreement with the data is quite good and suggests that for these data the pore fluid is unrelaxed on both scales: the soft pores are unrelaxed relative to the stiff pores, and saturated patches are unrelaxed relative to undersaturated patches.
A second example with Murphy's (1982) ultrasonic data from Sierra White Granite is shown in Figure 8 . Once again the unrelaxed soft porosity estimate, equation (6), combined with equation (8) does an excellent job of explaining the 70 and 100 percent saturation data, especially compared to the Biot-Gassmann-Domenico theory. Figure 9 shows Murphy's (1982) velocity versus saturation data compared with our predictions using equations (6) and (8). The low-frequency data (l-2 kHz) are generally in agreement with the Biot-Gassmann-Domenico theory, although there is a slight dispersion causing the velocity to increase with saturation. The general trend of the highfrequency data (200 kHz) is similar to the unrelaxed behavior predicted by equations (6) and (8). The "100 percent wetting" and "40 percent wetting" curves follow the data equally as well for the mid and upper saturations, although the low saturations suggest the higher percentage of wetting in the soft porosity. In general, the velocities are insensitive to the precise distribution of fluid in stiff versus soft pore space, but it appears to be important to have a substantial fraction of the soft porosity wet and unrelaxed.
FIG.
7. Estimated P-wave velocity versus pressure for Massilon sandstone, compared with ultrasonic measurements by Murphy (1982) . Closed circles are dry ultrasonic data, open triangles are data at 70 percent saturation, and solid triangles are fully saturated data. Lowest solid curve is the Biot-Gassmann-Domenico prediction of the 70 percent saturated case. The upper two curves are our theoretical predictions of the 70 percent and fully saturated cases.
CONCLUSIONS
We have presented an alternative means of quantitatively estimating the frequency-dependent range of velocity versus saturation effects in rocks that have been observed and discussed by numerous authors (e.g., Domenico, 1976; Murphy, 1982; Endres and Knight, 1991; Knight and NolenHoeksema, 1990 ). Our approach is to use the pore compliance information in dry measurements of velocity and porosity to predict the partially saturated behavior without the need to assume idealized pore geometries. It is mechanically and conceptually similar to the ellipsoidal modeling presented by Endres and Knight (1991) , but does not share FIG. 8. Estimated P-wave velocity versus pressure for Sierra White granite, compared with ultrasonic measurements by Murphy (1982) . Lowest solid curve is the Biot-GassmannDomenico prediction of the 70 percent saturated case. The upper two curves are our theoretical predictions of the 70 percent and fully saturated cases.
FIG.
9. Estimated P-wave velocity versus saturation in Sierra White granite, compared with data by Murphy (1982) . Triangles are measured data at sonic frequencies; circles are data at ultrasonic frequencies. Lowest solid curve is the Biot-Gassmann-Domenico prediction. The upper two curves are our theoretical predictions for two different assumed values of wetting. the limitations to these shapes or to low crack and pore densities. Our intention is not to argue that one fluid distribution is more likely to occur than another, but instead to explore the velocity behavior that can occur with the various distributions. Furthermore, this method does not attempt to describe additional effects related to initial saturation with fluids, such as softening of cement or swelling of clays.
The results agree quite well with ultrasonic, partially saturated data from Murphy (1982) , and suggest that for these data the pore fluid is unrelaxed on two scales: the soft pores are unrelaxed relative to the stiff pores, and larger saturated patches are unrelaxed relative to undersaturated patches.
